analysis of sulfated glycosaminoglycans was carried out in cytoplasmic granules of mast cells from the bovine aorta and rat peritoneal cavity.
Mast cells are known to be a type of free cell in the connective tissues of vertebrates, and to contain a number of basophilic granules in their cytoplasm (7, 19) . Although the chemical compositions of these granules vary with animal species, they are reported to contain heparin, histamine, serotonin, hyaluronic acid, various peptides and enzymes such as platelet activating factor, slow reacting substance of anaphylaxis, different kinds of proteases, decarboxylases and certain hydrolases (5, 7, 13, 19) . Of these components, heparin is known to be a sulfated glycosaminoglycan which exhibits anticoagulating activity in its physiological function. Recent biochemical studies on the cytoplasmic granules of mouse mast cells in mouse mast cell-fibroblast monolayers (1) and mouse bone marrow-derived mast cells (16-18) revealed that sulfated glycosaminoglycans contained within the granules were chondroitin sulfates, in addition to heparin. More recently, a biochemical analysis of rat mucosal mast cells clarified that the major polysaccharide produced by the cells is an oversulfated galactosaminoglycan rather than heparin (4) . It remains to be determined, however, whether such dual composition of sulfated glycosaminoglycans of mast cell granules can be substantiated by cytochemical means. In the present study, attempts have been made to cytochemically analyze sulfated glycosaminoglycans in the cytoplasmic granules of mast cells from bovines and rats. In keeping with the results of previous biochemical studies (1, 4, (16) (17) (18) , the results obtained in the present study have substantiated the dual composition of sulfated glycosaminoglycans of the mast cell granules, and this appears to be provocative of further cytophysiological studies on the precise functions of this particular cell type in the connective tissues.
MATERIALS AND METHODS

PREPARATION OF TISSUE SECTIONS FROM BOVINE AORTA:
Parts of the aorta were excised out from adult cattle of both sexes and cut into small blocks. The tissue blocks were fixed in 10% formalin buffered with phosphate (12) at 4°C for 24 to 48 hr, dehydrated in an ethanol series of ascending concentrations, cleared in xylene, and embedded in paraffin wax. Sections were cut at a thickness of 4µm, mounted on glass slides, deparaffinized, hydrated in graded ethanol series and stained with the procedures described below.
PREPARATION OF SECTIONS FROM RAT MAST CELL PELLETS:
A total of 18 male adult rats of the Sprague-Dowley strain were employed in the present study. These animals were used approximately 6 weeks after birth. Individual rats were exsanguinated by cervical dislocation and injected intraperitoneally with 8 ml of ice-cold (4°C) phosphate buffered saline (PBS) [154 mM NaCI, 2.7 mM KCI, 6.7 mM phosphate (Na2HPO4-KH2PO4) buffer (pH 7.0), 5.55 mM glucose, 0.9 mM CaC12] (8). Immediately after the injection, the abdominal wall of the animals was massaged for at least 90 seconds. Then, the peritoneal cavity of the animals was opened surgically and the fluid (5 to 6 ml) within the cavity was collected with a siliconized pipette. Mast cells were isolated from the fluid by differential centrifugation in Ficoll (33% in PBS), according to a modification of the methods of Uvnas (27) and Suzuki et at. (26). Pellets of these cells were fixed overnight in 2% calcium acetate in 10% formalin (9) at 4°C, dehydrated in graded ethanol series, cleared in xylene and embedded in paraffin wax. Sections were cut at a thickness of 4 µm, mounted on glass slides, deparaf finized, hydrated in graded ethanol series and stained as described below.
STAINING PROCEDURES:
The following three staining procedures were employed for the cytochemical demonstration of ester sulfate groupings of complex carbohydrates. 
ENZYME DIGESTION EXPERIMENTS:
To cytochemically identify individual glycosaminoglycans contained in mast cell granules, four types of digestion experiments were carried out by treating sections of aorta tissues and/or cell pellets with carbohydrate-degrading enzymes, as follows.
(A) Digestion with heparinase Prior to staining procedures, some sections were digested with heparinase (Seikagaku Kogyo Co. Ltd., Japan) solution for 17 hr at 37°C. The enzyme solution contained proteinase inhibitors to eliminate any contaminating proteinase activities. Thus, each ml of the enzyme solution contained 100 µmol of acetate buffer (pH 7.0), 30 µmol of sodium acetate, 100 µg of bovine serum albumin, 100 µmol of sodium ethylene diamine tetraacetic acid (EDTA), 10 µmol of N- Prior to staining procedures, some sections were digested with chondroitinase ABC (Seikagaku Kogyo Co. Ltd., Japan) solution for 3 hr at 37°C. The enzyme solution contained a variety of ingredients which were identical with those employed for digestion with heparinase, except that the enzyme was chondroitinase ABC (1.5 to 2.0 units) instead of heparinase, and acetate buffer (pH 7.0) was replaced by Tris-HCJ buffer (pH 8.0) (29).
(C) Digestion with chondroitinase AC Prior to staining procedures, some sections were digested with chondroitinase AC (Seikagaku Kogyo Co. Ltd., Japan) solution for 3 hr at 37°C. The enzyme solution contained the same ingredients, other than the enzyme and buffer, as those in the above experiments. Chondroitinase AC and Tris-HC1 buffer (pH 7.4 instead of 8.0) were employed in this experiment (29).
(D) Digestion with testicular hyaluronidase
Prior to staining procedures, some other sections were digested with 0.1 M phosphate buffer (pH 5.5) containing testicular hyaluronidase (Sigma Chemical Co. Ltd., USA, 1.0 mg/ml) for 3 hr at 37°C (10).
(E) Control procedures for the enzyme digestion experiments
Two types of control procedures were carried out. Prior to staining, (a) some control sections were kept intact without any incubation procedures and (b) the other control sections were incubated in buffer solutions without enzymes under incubation conditions comparable to those employed for the enzyme digestion experiments.
RESULTS
In the present study, microscopic observations of sections from bovine aorta as well as rat mast cell pellets have been made on statistically significant numbers (approximately 100-500) of mast cells stained with AB pH 1.0, HID and/or AF procedures.
I. Results obtained from bovine aorta sections:
When the control tissue sections from bovine aorta incubated in buffer solutions without enzymes were stained with the AB pH 1.0 procedure, mast cells were found to contain varying numbers of cytoplasmic granules, which exhibited moderately or intensely positive reactions (Figs. 1, 3, 5, 7) .
In the tissue sections from bovine aorta, digestion with heparinase resulted in marked declines in intensity of AB pH 1.0 reaction in the cytoplasmic granules of mast cells (Fig. 2) . In the same tissue sections, digestion with chondroitinase ABC yielded apparent suppressive effects upon the intensity of alcianophilia pH 1.0 in the cytoplasmic granules of mast cells (Fig. 4) . However, such suppressive effects varied in degree from granule to granule (Fig. 4) . In the bovine aorta tissues, digestion with chondroitinase AC gave rise to suppressive effects upon the intensity of AB pH 1.0 reaction of mast cell granules (Fig. 6 ) and these effects were nearly comparable in degree to those obtained by digestion with chondroitinase ABC (Figs. 4, 6 ). In the aorta tissues examined, digestion with testicular hyaluronidase failed to induce any noticeable changes in intensity of alcianophilia pH 1.0 in the cytoplasmic granules of mast cells (Fig. 8) .
In the tissue sections from bovine aorta, the effects of digestion with the four enzymes (heparinase, chondroitinases ABC and AC and testicular hyaluronidase) upon the intensity of HID or AF reaction of mast cell granules were similar to those with AB pH 1.0 reaction mentioned above.
II. Results obtained from sections of rat mast cell pellets
In the control sections from rat mast cell pellets incubated in buffer solutions without enzymes, the cytoplasmic granules of mast cells were seen to show In sections from the same pellets, digestion with heparinase appreciably suppressed the intensity of HID reaction in most cytoplasmic granules of mast cells (Fig. 10) . In the sections from the pellets, digestion with chondroitinase ABC resulted in a conspicuous suppression of the intensity of HID reaction in the majority of mast cell granules (Fig. 12) . It was noticed that such suppressive effects of the enzyme digestion were apparently more pronounced, as compared with those noted following digestion with the same enzyme in the AB pH 1.0 reaction of mast cell granules from bovine aorta (Figs. 4, 12) . In the sections from the pellets, the effects of digestion with chondroitinase AC upon the intensity of HID reaction of mast cell granules were comparable in degree to those with chondroitinase ABC (Figs. 12, 14) . In the sections from the pellets, digestion with testicular hyaluronidase did not bring about any notable alterations in the intensity of HID reaction of mast cell granules at all (Fig. 16) .
In the sections from rat mast cell pellets, the effects of digestion with the four enzymes (heparinase, chondroitinases ABC and AC and testicular hyaluronidase) upon the intensity of AB pH 1.0 or AF reaction of mast cell granules were comparable to those upon the intensity of their HID reaction described above.
In both the bovine aorta tissues and rat mast cell pellets, the control sections kept intact without any incubation procedures exhibited staining intensities of mast cell granules which were comparable to those seen in the sections incubated in buffer solutions without enzymes.
DISCUSSION
It has been well established that the present three staining procedures, AB pH 1.0 (11, 15), HID (23, 24) and AF (15, 25) exhibit staining selectivities towards ester sulfate groupings of complex carbohydrates such as sulfated glycosaminoglycans and glycoproteins in fixed cells and tissues. Thus, these staining procedures are thought to fail to stain glycosaminoglycans without ester sulfate groupings such as chondroitin and hyaluronic acid.
Previous biochemical and histochemical studies with the same four enzymes as in the present study have substantiated their respective substrate specificities; heparinase towards heparin (2, 3), chondroitinase ABC towards chondroitin, hyaluronic acid and chondroitin sulfates A, B, C, D and E (29, 30), chondroitinase AC towards chondroitin, hyaluronic acid and chondroitin sulfates A, C, D and E (29, 30) and testicular hyaluronidase towards chondroitin, hyaluronic acid and chondroitin sulfates A and C (10, 24, 28).
In the sections from both the bovine aorta and rat mast cell pellets, digestion with any one of the three enzymes (heparinase and chondroitinases ABC and AC) has been found to apparently diminish the intensity of the staining reactions of mast cell granules, whereas digestion with testicular hyaluronidase failed to give rise to alterations in staining intensity.
If one takes the staining selectivities of the present procedures, the substrate specificities of the four enzymes employed and the present results obtained into consideration, sulfated glycosaminoglycans contained in the mast cell granules are considered to consist of heparin and chondroitin sulfate D and/or E. The presence of chondroitin sulfate D and/or E in mast cell granules from cattle and rats is consistent with the results of previous biochemical studies on cytoplasmic granules of cultured bone marrow-derived mouse mast cells (16-18). In this connection, it deserves particular discussion what cyto-and histophysiological functions could be ascribed to chondroitin sulfate D and/or E in mast cell granules, which was substantiated cytochemically in the present study. Heparin is well known to exhibit the physiological functions of anticoagulating activity (6, 20) . In the present study, chondroitin sulfate D and/or E has been found to coexist with heparin in the mast cell granules examined. A series of histophysiological functions such as the maintenance of structural integrity, filtration, exclusion, lubrication and ionexchange have been ascribed to sulfated glycosaminoglycans including chondroitin sulfates (14, 22). A previous electron microscopic study on newt mast cells (21) indicated that the cytoplasmic granules consisted of heparin-containing matrix and lamellated structures with glycosaminoglycans or glycoproteins. Thus, it is considered that chondroitin sulfate D and/or E in cattle and rat mast cell granules may perform a physiological function to maintain the structural integrity for heparin-containing granular matrix.
The mechanism of degranulation in mast cells is known to be associated with immune responses; an antigen-antibody reaction on the plasma membrane of the cells may cause liberation of granular contents such as heparin, histamine and chondroitin sulfate D and/or E into the intercellular space of the connective tissue and resultant degranulation in the cytoplasm (6). It remains to be elucidated how chondroitin sulfate D and/or E functions in the connective tissue speces. At least three possibilities of histophysiological functions of chondroitin sulfate D and/ or E in these spaces may be considered. It is probable that these glycosaminoglycans can be active in the functions of filtration, exclusion and ion-exchange (14, 22). Another possibility, that these carbohydrates might promote the martix substance-and fiber-elaborating activities of the connective tissues induced by histophysiological functions of heparin and histamine from mast cell granules, can not be ruled out (7). Finally, it can be presumed that chondroitin sulfate D and/ or E is concerned with homeostasis among proteins by means of binding, dissociation, rearrangement, activation or excessive protein-inactivation, as suggested for the histophysiological activities of heparin in the connective tissues (13).
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